In the present study, the conformational effects of the adsorbed polyelectrolyte xanthan gum on the stability of colloidal silica suspensions were investigated by monitoring the rheological responses. The conformational transition of xanthan molecules was induced by changes in pH, added salts, and annealing temperature. The suspension stability was probed by examining the rheological behavior such as shear viscosity versus shear rate and shear moduli versus oscillatory frequency. The oscillatory shear measurements provided useful information on the structural change in the suspension. The results showed that the silica particles dispersed in the xanthan solution remained stable at pH 9 for a long period, whereas at pH 2, the gel network structure formed within a few days. When the gel structure formed, the storage modulus was larger than the loss modulus over the entire frequency range considered here and exhibited a thixotropic behavior. The heat treatment temperature best for stabilizing the silica suspension was shown about 60°C and the silica sol treated at this temperature sustained its stability for more than 6 weeks.
INTRODUCTION
In the present study, the phase stability of aqueous silica dispersion in the presence of xanthan gum was investigated experimentally. The particle dispersion is one of the important and various uses in many industrial areas such as paints, composites, ceramics, and polymeric materials. In particular, silica is the major component of the Earth's crust and has been used widely in practice as dispersions. One of the most important applications is the chemical-mechanical polishing slurry for semiconductor fabrications, in which monodisperse silica dispersions are widely used. For the polishing slurry, the silica dispersions should be stabilized by addition of stabilizing agents such as surfactants and polymeric substances. Moreover, since monodisperse spherical silica dispersions can be synthesized readily through the conventional sol-gel route, they have been widely used as model particles.
The phase stability of particle dispersion is affected by the adsorption of macromolecules at the solid-liquid interface. The phase stability is imparted by the macromolecules adsorbed onto or attached to the particle surface. In these processes, the interacting molecule chains on the nearby particle surfaces overlap and create the entropic repulsion forces. The repulsion forces arise from the higher local concentration of macromolecules adjacent to the particles rather than from their bulk concentration (1, 2) . At a low coverage of macromolecules, the bridging flocculation can be induced by the anchorage of a chain adsorbed onto the particles in their vicinity (3) . The flocculated suspension yields a non-Newtonian flow behavior (4, 5) . For the flocculated or phase-separated systems, the enhanced elasticity and stress are observed as they experience transition from a stable one-phase to a two-phase system (6) . Charged or uncharged particles can be stabilized via the so-called electrosteric repulsion induced by either their intrinsic surface charges or by the adsorption of polyelectrolytes. The adsorbed polyelectrolytes exhibit complicated behaviors compared to other uncharged polymers (1, 2) . Specifically, the polyelectrolytes yield a long-range electrostatic interaction, whereas the uncharged polymers induce only a short-range steric interaction effective only for the nearest neighboring particles. The steric stabilization is affected by the flexibility of the macromolecules in addition to the adsorbate-adsorbent, adsorbate-solvent, and adsorbent-solvent interactions. In general, the polymer chains are long enough with an appropriate flexibility for the stabilization of colloidal particles. Thus, the conformational transition of the macromolecules at the solidliquid interfaces under various physicochemical conditions should be understood to elucidate the electrosteric stabilization (7, 8) . The chain conformation of charged polymers adsorbed at the solid-liquid interfaces varies with the molecular weight and structure and the surface coverage (9 -14) . For the polyelectrolytes, their conformation depends on their intrinsic charges, the particle surface charges, the solvency of solution, and pH and ionic strength (12, 13) . Small and rigid molecules are capable of stabilizing the small particle suspension by adsorbing in a flattened conformation. On the other hand, larger, more flexible molecules are required for the stabilization of larger particles, which need a more extended conformation (9 -11) .
Many theoretical and experimental works have focused on the relationships between the stability and the polymer confor-mation, which is essential to induce the chain conformation favorable to stabilization of the colloidal particles. However, it is very difficult to draw a conclusive relationship due to the complexity of the systems. In the present study, xanthan was used as the polyelectrolyte to stabilize the silica suspension and its effect on the phase stability was examined as a function of the structural conformation. Xanthan is a natural polymer, polysaccharide produced by xanthomonas campestris. Watersoluble xanthan is a very effective stabilizer for the aqueous colloidal systems and has been used in many areas of application including the food industry, cleaners, coatings, polishes, and oil drilling (15) . Our results are also interesting from an environmental perspective, as gels have been shown to form naturally at the surface of the ocean where the water is enriched in particles and polymers (16) . The chemical structure of the xanthan molecule is represented in Fig. 1 , in which M denotes the metal atoms such as sodium (Na) and potassium (K). In an aqueous media, those metal atoms dissociate from the xanthan molecule into positive ions. Thus, the xanthan molecule possesses negative charges due to its carboxylic ions (COO Ϫ1 ) when in contact with the aqueous medium. Consequently, its chain conformation in the aqueous medium depends on the ionic strength which changes the screening effect of counterions (17, 18) . At low salt concentrations, the charged rigid rod-like chains have partially flexible worm-like chains due to the weak screening effect. While at high salt concentrations, the rigidity is enhanced because the side chains of the xanthan molecule collapse into the backbone (18) . In addition, the aqueous dispersion of xanthan shows a unique phase transition behavior depending on its concentration and thermal history, and the structural change of xanthan is a major factor in the formation of a glassy or liquid crystalline phase (19) . The primary structure of xanthan is a (1-4)-D-glucose backbone with charged trisaccharide chains. The three-dimensional network of xanthan molecules can lead to the stability of suspension and emulsion. The native xanthan with a double-stranded structure undergoes a conformational transition to a singlestranded flexible molecule when annealed above a critical temperature, which depends on the salt concentration (20) .
Many studies have been carried out to clarify the conformation of the xanthan molecule, which depends on the salt concentration (17, (21) (22) (23) , heat treatment (19 -21, 24, 25) , and xanthan concentration (21, 25, 27) . However, these studies have considered the properties of the xanthan molecule itself and the relationships between the xanthan conformation and the phase stability of the particle suspension have not yet been fully understood. In the present study, we considered the phase stability of the aqueous silica suspension in the presence of xanthan gum for various conditions. Specifically, we are interested in the conformational effects of the added xanthan on the phase behavior of the silica suspension near the point of zero charge of silica around pH 2. In the absence of the polyelectrolyte, the silica suspension would undergo the phase separation caused by flocculation near the point of zero charge. The phase stability was probed by examining the rheological behaviors such as the shear viscosity versus shear rate or the shear moduli as a function of frequency in the steady or dynamic measurement. The results showed that the heat treatment at the conformational transition temperature of xanthan was the most effective in retarding the gel-structure formation, which deteriorated inevitably the phase stability. Also shown was that the results obtained from the steady shear and the oscillatory measurements were consistent with each other and supported the formation of a three-dimensional gel network in the aqueous silica-xanthan system.
EXPERIMENTAL
The electrostatically stabilized dispersion of 40 wt% silica particles was purchased from Dupont and used without further treatment. The surface area and size of the silica particle were 132 m 2 /g and 23.5 nm, respectively, and the concentration of the sodium ion is very low. Xanthan gum (Aldrich Co.) was used as an anionic polyelectrolyte.
To examine the rheological behavior, the colloidal silica was added to the xanthan solution and then pH was adjusted with HCl (Yakuri) and NH 4 OH (Aldrich; NH 3 content of 28 ϳ 30%). The rheological measurements for all the samples were conducted after stirring for 30 min and then kept at a quiescent state. The steady and dynamic rheological measurements were carried out on an ARES rheometer (Rheometrics) at 24.5 Ϯ 0.2°C. The cup cover was used to prevent evaporation of water from the sample. The series of measurements were performed in a cone-and-plate geometry with a diameter of 50 mm. All the experiments were begun under a constant shear rate 0.01 s Ϫ1 for 120 s. To examine the temperature effect, the mixture of silica and xanthan gum was annealed in a heat bath at a prescribed temperature with stirring for 20 min and then submerged in cooling water at 21°C for 20 min.
RESULTS AND DISCUSSION
Usually, a dilute pure aqueous xanthan solution exhibits the highly non-Newtonian behavior. The marked rheological properties of xanthan come from its large molecular weight with a helical structure. Xanthan molecules behave like a semi-rigid rod-like molecule and induce the shear thinning viscosity when dispersed at dilute concentrations. Domains of associated xanthan gum, which is stabilized by hydrogen bonding, are present in the aqueous media at rest or at low shear rates. However, as the shear rates increase, the domains diminish yielding a reduced viscosity (15, 21, 26) . At a moderate concentration regime (0.05-0.5 wt%), weak association through hydrogen bonding leads to nonlinear rheological behavior (21, 27 ). For concentrations above 1.0 wt%, liquid crystalline domains are formed and the time required to reach a steady-state viscosity at low shear rates is quite long (27) . In Fig. 2 , the steady shear viscosity of 0.2 wt% pure xanthan solution was plotted as a function of the shear rate for two different NaCl concentrations of 0.01 and 0.1 M. Also included was the pH effect on the rheological responses. At pH 9, the viscosity was slightly reduced at low shear rates by the presence of NaCl. At pH 2, on the other hand, the viscosity at low shear rates was increased with the NaCl concentration. Although the pure xanthan solutions were stable over a wide range of pH, the viscosity exhibited a slight change with pH. The polyelectrolyte conformation is dependent both on the electrostatic repulsion between charged groups along the chain and on the intrinsic stiffness of the backbone (18) . Our experimental data provide thus the evidence that the chain rigidity of the xanthan molecule is enhanced with pH. At pH 2, the xanthan molecule tends to be a partially flexible worm-like chain and undergoes selfaggregation through hydrogen bonding. In this case, the addition of salt enhanced the chain rigidity, which was responsible for the increase in the shear viscosity with the salt concentration, especially in the limit of low shear rates (20) . Meanwhile, at pH 9, the addition of salt did not change the chain rigidity appreciably and reduced the shear viscosity slightly (21) .
In Fig. 3a , the shear viscosity of 20 wt% silica suspension with 0.2 wt% xanthan gum at pH 9 was illustrated as a function of the shear rate for various aging times. Also included in Fig.   3b was the effect of the aging time on shear viscosity at a given shear rate for various xanthan concentrations. In these plots, the silica content was fixed at 20 wt%. As noted, all the suspensions at pH 9 showed the remarkable shear-thinning behavior. It is interesting to note from comparison of Figs. 2 and 3a that the presence of the silica particles made the solution less viscous, especially at low shear rates. This is because a substantial amount of xanthan molecules are adsorbed on the silica particles and thereby the xanthan concentration in the bulk solution is lowered. Moreover, the slight reduction in shear viscosity with time at pH 9 implies the continuous adsorption of xanthan molecules. At high shear rates, the shear viscosity of the silica suspension was high compared with the pure xanthan solution. This is due to the fact that most of the xanthan molecules in the bulk phase are aligned to the flow and their contribution to the shear viscosity becomes small at high shear rates. Moreover, it is noteworthy that the shear viscosity at pH 9 remained almost unchanged with the aging time as shown in Fig. 3b , and the suspensions sustained the phase stability over a month. As mentioned before, the surface silanol groups of the silica particle were ionized readily at high pH's when in contact with the aqueous medium, and consequently the particle surface gained the negative surface charges. The dissociation of silanol groups led to a reduction in the number of -OH groups available for the hydrogen bonding with the xanthan molecule. Hence, the suspension was stable at pH 9 and its viscosity decreased slightly compared with the pure xanthan solution.
The silica suspensions at pH 2, however, showed unusual rheological behavior, as shown in Figs. 4a and b . The shear viscosity, which was decreased initially with the aging time, was increased after a critical time. The increased shear viscosity with the aging time beyond a certain critical time was caused by the gelation of xanthan molecules in the presence of the silica particles at low pH's. Consequently, the critical time corresponds to the onset of gelation. As noted earlier, the pure aqueous xanthan solution in the absence of the silica particles did not experience the gelation and the shear viscosity remained unchanged for a long period at a given shear rate. Aqueous xanthan solutions at room temperature are inhomogeneous and the molecules do not fully expand, even in an excess amount of water. Although the gel-like structure of xanthan might be formed in aqueous media at extremely high concentrations, the pure xanthan solutions at low concentrations as considered here could hardly behave like a gel (20, 24) . Thus, the unusual increase in the shear viscosity is due solely to the gel structure formation mediated by the silica particles. Unfortunately, however, it is very difficult to explain the origin for the formation of the gel-like structure in the presence of the silica particles. One possible explanation is that the semiflexible xanthan molecules adsorbed onto the silica particle surface at low pH's interpenetrate into the adsorbed layers of the neighboring particles. Under these circumstances, the silica particles serve as the junction points and the interpenetrating xanthan molecules provide the interparticle bridging bonds. Otherwise, a self-aggregation through hydrogen bonding and entanglement of the semi-flexible chains of the adsorbed molecules offer a noncovalent intermolecular interaction forming a gel structure. Our results are analogous to numerical simulations for the formation of a gel-like structure of large polymers induced by comparatively small particles (28) . In this case, the small particles act like a glue linking together the polymers in a complex three-dimensional network.
In Fig. 4b , the time dependent viscosity for the suspension of 20 wt% silica was displayed for various xanthan concentrations at pH 2. As indicated, the shear viscosity increased rapidly beyond a certain period of time. The silica particles near the point of zero charge (pH 2 ϳ 3) possess plenty of undissociated silanol groups for hydrogen bonding. Also, the electrostatic repulsion becomes vanishingly weak, allowing xanthan molecules to attack readily the surface of silica. Consequently, the silica suspensions at pH 2 formed a gel structure. The onset of gel formation occurred more quickly as the xanthan concentration increased and about 4 to 9 days for the suspensions considered here. This is due to the fact that the more polymer molecules available for adsorption and bridging, the more quickly dense three-dimensional networks can be established.
The gelation time was varied by the presence of the electrolyte, as depicted in Fig. 5 . It took longer times for the formation of the gel structure in the presence of KCl than that of the salt-free suspensions. In the absence of salt, the charge tails interacting with each other allow the xanthan molecules to have a partially flexible worm-like backbone chain at low pH's. In the presence of the salt, however, some of the side chains collapse into the backbone (15, 18) . In this case, the molecules are easily aligned and strongly associate among others via hydrogen bonding and ionic interaction to form a gel-like structure (21) .
In Fig. 6 , the upward and downward shear-rate sweep test results were reproduced to examine the effect of gel structure on the stress relaxation. In this plot, the silica suspensions were treated with different aging times at pH 2. As illustrated, the hysteresis on the shear stress versus shear rate was not observed before the three-dimensional network formed firmly.
Beyond the gel point, however, the pronounced hysteresis was observed as typical of gel-structured materials. The gel-structured suspension underwent the higher shear stress in the upward shear-rate sweep. The lowered shear stress in the downward shear-rate sweep was due to the breakup of firm gel-like structure under the sustained stress history at high shear rates. This thixotropic behavior is typical of a sol-gel transition on time-dependent shearing and similar behavior has been observed in the lyotropic liquid crystals (29). The lyotropic liquid crystal system experiences the structural transition from isotropic to nematic phase above a threshold shear rate. When the two phases coexist, the liquid crystal exhibits a stress plateau. Under these circumstances, and consequently, the viscosity was not a single-valued function of the stress. Through flow visualization, the spatial variations of concentration and alignment were observed as the shear rate increased. The instability of the system resulted from the local viscosity and redistribution and reformation of the suspension structures (29, 30) . In the present study, the particles flocculated by the adsorbed xanthan molecules were observed in the samples collected after the rheometry test. Therefore, the bridging flocculation induced the stress hysteresis and the phase instability of the gel-structured material.
At pH 9, the attraction forces between the particles adsorbed by xanthan molecules were relatively weak compared with the repulsive forces such as electrostatic repulsion. Therefore, the network structure was not developed sufficiently for the occurrence of stress hysteresis. Since the silica particles were negatively charged in basic media, the xanthan molecules exhibited an extended conformation (31, 32) . In this case, only a small portion of binding sites on the xanthan molecule anchored onto the particle, extending the chains from the particle surfaces into the solution. The electrostatic repulsion between the adsorbed polymer chains is responsible for the stretching of the xanthan molecules. Under the extended conformation, the improved surface coverage of xanthan chains induces effectively the electrostatic stabilization between the chains and thereby prohibits the anchoring or bridging flocculation. Meanwhile, at pH 2, the chain became partially flexible due to the weak screening effect by the counterions such as H ϩ , although the stability of pure xanthan solution was independent of pH. In addition, since the charge density of silica at pH 2 was nearly zero, the interparticle repulsion diminished considerably (33) . Hence, the xanthan molecules adsorbed onto a silica particle could interact with the neighboring particles through hydrogen bonding. The intermolecular hydrogen bonding or the strong interparticle bridging by the adsorbed polymer would cause the suspension to form a gel structure. Thus, as the xanthan concentration increased, the gelation proceeded fast as shown in Fig. 4b .
To confirm the formation of the gel structure, the dynamic oscillatory rheometry test was also performed and the results were reproduced in Figs. 7a and b . These results could provide additional evidence for the formation of gelation that was not obvious from the steady shear measurements. In the early stage, the typical behavior of semidiluted silica particles dispersed in moderately concentrated polymer solution was observed up to the crossover point, i.e., the point at which the storage modulus GЈ becomes larger than the loss modulus GЉ. Both the storage and loss moduli increased as the aging time passed and the crossover frequency was not detected after the structural change. The dependence of moduli on the frequency became weak as time went by. The large storage modulus relative to the loss modulus over the entire frequency range indicates the existence of a gel-like structure (21) . At the instant of gelation, the solution experiences a transition from a viscous liquid to an elastic solid of an extended network, and the storage and loss moduli should display similar frequency dependence. This was clearly seen from Fig. 7a for the present silica suspension in the presence of xanthan gum at pH 2. In  Fig. 7b , tan␦ was illustrated as a function of the frequency for the silica suspension at pH 2. This plot displayed also the transition from liquid-like to solid-like behaviors. At the early stage, tan␦ remained unchanged at high frequencies. After the gel point, tan␦ increased with the frequency and the rate of increase became rapid at high frequencies as the network developed. At low frequencies (0.05-5 rad/s), the slope of tan␦ appeared insensitive to the transition from liquid to gel and the similar phenomena could be attributed to the nonideality of the network and the dynamic nature of the cross-linking junctions (33) . Also, at low frequencies, the time scale of imposed flow oscillation is long enough for the bulk reorganization of the cross-linking junctions, and hence, the change in the slope of tan␦ is not appreciable.
Thus far we have considered the effect of xanthan gum on the phase stability and rheological behavior of the silica suspension prepared without thermal treatment. However, since the xanthan molecules undergo transition from a semiflexible to a coil-like configuration as the temperature rises (20 -23, 25) , it is necessary to consider the effect of the thermal treatment. Usually, the transition associated with the annealing is accompanied by the viscosity change. The shear viscosity of the pure xanthan solution in the zero-shear-rate limit was plotted in Fig. 8 as a function of the annealing temperature. All the viscosities after the heat treatment were measured at 25°C. The shear viscosity at low shear rates increased until 60°C and then decreased up to 80°C. As the times went on after the heat treatment, the viscosities of the solutions annealed in the range of 40 -60°C were slightly reduced, whereas the solution heated at 80°C kept the viscosity unchanged. The increased viscosity with the annealing temperature up to 60°C is associated with the conformational order-to-disorder transition. On cooling, the disorder-to-order transition takes place by regaining partly their random helical conformation. The results from the viscosity data indicated that the order-to-disorder transition already began at 40°C but was not completed until 60°C. Rochefort et al. (21) attributed the increase of the shear viscosity to the expanded hydrodynamic volume of the molecule. In the early stage of the order-to-disorder transition, the side chains move away from the state of close association with the backbone, disrupting the intermolecular structure. This would make the hydrodynamic volume increase. On the other hand, the conformational transition by the annealing involves also an intramolecular rearrangement of the molecule from a helix to a random coil, which decreases the shear viscosity. In addition, Milas et al. (22) also suggested that the thermal intramolecular rearrangement induced a decrease in the viscosity at the disordered state but a slight increase at the ordered state. These suggestions were coincident with the present results. However, in the present case, the solutions preheated at 40°C showed the phase separation in which the molecular self-assemblies were formed. The other samples, on the other hand, sustained their phase homogeneity for a long time.
The viscosity changes with the aging time after the heat treatment for the silica-xanthan suspension at pH 2 were plotted in Fig. 9 for various heat treatment temperatures. Since the silica-xanthan solution was annealed with strong agitation in the heat bath, the xanthan molecule experienced presumably the conformational transition with temperature and simultaneously adsorbed on the surface of silica particles. It can be seen clearly from Fig. 9 that the gelation time was about 6 days for the untreated suspensions, whereas for the suspensions preheated at 40°C, the gel structure was formed within 4 days. Meanwhile, the annealing at 50ϳ60°C was the most effective in retarding the formation of the gel network structure up to about a month. The heat treatment at even higher temperatures, for example at 80°C, accelerated the gel formation. The optimal annealing temperature zone was similar to the conformational transition temperature reported by others (21) (22) (23) (24) . The suspensions preheated at 50ϳ60°C exhibited the most stable phase behavior at pH 2 against both the flocculation of silica particles and the formation of the three-dimensional gel network. Specifically, as shown in Fig. 9 , the suspension annealed at 50°C was found stable for about 4 weeks. The annealing at 60°C provided the best phase stability and in this case, the network structure formation did not occur for more than 6 weeks.
Whether the xanthan molecules exist in a single-or doublestranded helix, the conformation experienced a transition with temperature to a disordered state through either the conformational transition to more flexible coil or the disassociation of the helix structure. Although the disordered structure recovered its original form on cooling, the regaining of its initial conformation could not be completed. The incomplete reconstruction of configuration arises from the adsorption of xanthan molecules on the silica surface after the transition. The adsorption induced by thermal treatment in the disordered state stabilized effectively the silica suspension, especially near the point of zero charge. Otherwise, the silica particles in the absence of the polyelectrolyte were coagulated in the absence of the electrical repulsion force near the point of zero charge (33) .
CONCLUSION
In the present study, the phase stability and rheological behavior of the silica suspension in the presence of xanthan as a stabilizer were considered experimentally. The conclusions are as follows:
At pH 9, a small portion of the binding sites of the xanthan molecule with the extended conformation could anchor onto the silica particle surface, which possessed negative surface charges. Under these circumstances, the network structure was not developed due to the large electrostatic repulsion relative to the attraction force between the particles or adsorbed molecules. The shear viscosity and moduli did not change considerably with the aging time due to the sustained phase stability at high pH's.
However, at pH 2, the silica particle possessed nearly zero surface charges and the electrostatic repulsion was very weak. Further, the intermolecular hydrogen bonding or the strong interparticle bridging by adsorption of partially flexible xanthan molecules caused the suspension to form a gel structure within a few days. The formation of the gel structure was confirmed by both the stress hysteresis in the upward and downward shear-rate-sweep tests and by the dominant storage modulus over the loss modulus in the entire frequency range. In this case, the heat treatment could retard the formation of the gel structure. The result showed that the aqueous xanthansilica suspension treated at 60°C kept its phase stability over 6 weeks, beyond which the gel structure was formed. This was because the adsorbed molecules at the disordered state could not regain the original structure.
